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The increasing awareness of the depletion of fossil fuel resources and the environmental beneﬁts mo-
tivates the use of vegetable oils, however there is little known information about ignition and com-
bustion characteristics of vegetable oil based fuels under off diesel engine conditions. These conditions
are normally reached either during starting or when the engine is sufﬁciently worn out. A fuel was
prepared by co-solvent blending of coconut oil with 20% butyl alcohol and was analysed. An experi-
mental study of the measurement of ignition delay (ID) characteristics of conical fuel sprays impinging
on hot surface in cylindrical combustion chamber was carried out. The objective of the study was to
investigate the effect of hot surface temperatures on ignition delays of microemulsion of coconut oil at
various ambient air pressures and temperatures which would have reached under off diesel engine
conditions. An experimental set-up was designed and developed for a maximum air pressure of
200 bar and a maximum temperature of 800 C with the emphasis on optical method for the mea-
surement of ignition delay. Hot surface temperature range chosen was 300e450 C and ambient air
pressure (inside the combustion chamber) range chosen was 10e25 bar. Present study shows that at
ﬁxed injection pressure and ﬁxed ambient (hot surface) temperature, at higher ambient air pressure
(25 bar) inside the combustion chamber, ignition delay of diesel and microemulsion of coconut oil are
comparable and therefore are having matching combustion characteristics. Although a pressure of 25 bar
is much less than the precombustion pressure of most diesel engines but again conclusively establish
that combustion characteristics are same despite lower air pressure, temperature and lower injection
pressure. At higher injection pressure ignition delay of microemulsion of coconut oil and pure diesel
attains the lower value at the same ambient air pressure inside the combustion chamber. It can also be
seen that at ﬁxed injection pressure and higher ambient temperature conditions, ignition delay varia-
tions of microemulsion of coconut oil with chamber pressure show approximate same trend as that of
conventional diesel fuel.
© 2015 Karabuk University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Numerous scientiﬁc articles and various other reports from
around the world dealing with vegetable oil-based alternative
diesel fuels (“microemulsions”) have appeared in print [1]. Thatmani), srehmanmechanical@
(K. Zaidi), er.ahmadkamal@
ersity.
d hosting by Elsevier B.V. This is aresearch included palm oil, soybean oil, sunﬂower oil, coconut oil,
rapeseed oil and tung oil depending on the abundantly of oil in the
country of testing. For short term trial SVO (straight vegetable oils)
gave satisfactory engine performance and power output, often
equal to or even slightly better than conventional diesel fuel [2].
However, vegetable oils cause engine problems. Studies on sun-
ﬂower oil as fuel noted choking of injector nozzles, sticking piston
rings, crankcase oil dilution, lubricating oil contamination, and
other problems due to high viscosity of vegetable oil [2]. Indian
railways being the biggest diesel consumer of the country and
therefore trying hard to ﬁnd diesel fuel from non-petroleum
products or sources [14].n open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Vegetable oils are produced from numerous oil seed crops. Most
vegetable oils are triglycerides (TGs; triglyceride ¼ TG). Chemically,
TGs are the triacylglyceryl esters of various fatty acids inherently
containing glycerine. The triglyceride composition is unique for
every plant oil. Triglyceride molecules consist of glycerol bound to
three fatty acid molecules. Common properties of some vegetable
oils are listed in Table 1.
3. Coconut oil as diesel fuel
Experiments over the years have shown that the energy content
of 1 l of pure coconut oil is almost the same as that of 1 l of diesel
fuel [4]. However, as we have discussed earlier, the high viscosity,
high B.P., high cloud point of coconut oil (like any other plant oil)
present many difﬁculties in its use as a diesel fuel. Pure (or so called
straight) vegetable oils have been tested in CI engines by many
workers. In short term, the diesel engine could be run successfully
on SVO but in the long run trials engines oil were damaged. High
viscosity of oils starves the engine and presence of fatty acids can
cause carbon deposits on injectors, jammed piston rings, lube oil
contamination and failure of fuel pumps [5]. The use of straight
coconut oil is not recommended for general practice at the
moment.
There are two options of using SVO as a fuel. (i) Modify the SVO
so that it can run in any diesel engine. (ii) Modify the existing en-
gine so that it can run on SVO. Modifying the engine is a much
costlier and bulky because it needs additional heating system and
especially designed fuel injectors, fuel pumps and requirement of
very high injection pressure to atomize the vegetable oil. Therefore
the formulation of new fuel is easy to carry out technology.
4. Microemulsiﬁcation
The formation of microemulsions (co-solvency) is one of the
potential solutions for solving the problem of vegetable oil viscosity.
Microemulsions are deﬁned as transparent, thermodynamically
stable colloidal dispersions in which the diameter of the dispersed-
phase particles is less than one-fourth the wavelength of visible
light. The fuel produced by dilution or by microemulsiﬁcation is
called as “hybrid fuel”. They can improve spray characteristics by
explosive vaporization of the low boiling constituents in the mi-
celles [6]. Depending upon the types of microemulsion the com-
ponents ofmicroemulsions can be conventional DF, vegetable oil, an
alcohol, a surfactant, and a cetane improver. Microemulsions with
vegetable oils and without conventional DF are the most widely
studied. Viscosity-lowering additives were usually with C1e3 alco-
hols length while longer chain alcohols and alkylamines served as
surfactants. n-Butanol (Cetane number 42) was claimed to be the
alcohol most suitable for microemulsions, giving microemulsions
more stable and lower in viscosity than those made with methanol
or ethanol. Emulsions were reported to be suitable as diesel fuels
with viscosities close to that of neat diesel fuel [7].Table 1
Properties of vegetable oil [3].
Oil Iodine value CN Viscosity (mm2/s)
Corn 103e140 37.6 34.9 (38)
Cottonseed 90e119 41.8 33.5 (38)
Crambe 93 44.6 53.6 (38)
Peanut 80e106 41.8 39.6 (38)
Coconut 6e12 60 26.19 (38)
Diesel fuel e 47 2.7 (38)5. Stages of CI combustion process
5.1. Ignition delay (ab)
The duration between the start of fuel injection into the com-
bustion chamber and the start of combustion as shown, determines
from the change in slope on the peq diagram (see Fig. 1).
5.2. Physical factors affecting ignition delay
Following are the factors affecting the ignition delay period in
compression ignition combustion process.
1. Injection timing
Increment in the advancement of injection timing reduces
injection pressure and temperature when injection begins; this
reduces the delay period [8].
Droplet size and injection pressure
Ignition quality within practical limits does not have signiﬁ-
cant effect on ignition delay. Increase in injection pressure
produces only modest decrease in physical delay due to great
surface volume ratio. Injector nozzle diameter effects droplet
size but has no signiﬁcant effect on ignition delay [8].
2. Intake air temperature and pressure
Reducing intake air pressure reduces ignition delay because it
increases density and also reduces auto ignition temperature.
Increase in intake air temperature reduces the ignition delay [8].
3. Combustion chamber design
Spray impingement on the walls effect fuel evaporation and
ignition delay. Increase in compression ratio, increases pressure
and temperature and reduces ignition delay. Reducing stroke
volume, increases surface area to volume ratio, this increases
engine cooling and increases ignition delay [8].
6. Problem formulation
Measurement of ignition delay is an important aspect of fuel
formulation for HSDI (high speed direct injection) diesel engine and
also for the development of advanced combustion system for
further engines. We have examined the ignition delay character-
istics of diesel and microemulsion of coconut oil. The physical
conditions of combustion chamber are taken almost similar as
found in combustion chamber of a diesel engine during starting or
when the engine is sufﬁciently worn out. This work has its
importance because at high temperature and at high pressure the
ignition delay plays a vital role in the exhaust emissions& knocking
characteristics of diesel engine. So the purpose of the present work
was to study experimentally the effect of high hot surfaceFig. 1. ROHR curve for diesel engine [8].
Table 2
Nomenclature of fuel blends prepared for testing.
Fuel sample Nomenclature
100% commercial diesel Sample A
80% coconut oil þ 20% butanol Sample B
Fig. 3. View of combustion chamber.
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(10e25 bar) inside the combustion chamber on ignition delays of
hybrid fuel prepared from coconut oil by co-solvent blending with
butanol on basis of vol.% as summarized in Table 2.
The fuel is prepared in a transparent measuring cylinder which
ensured the miscibility of the two components to an acceptable
extent.
These high hot surface temperatures and ambient pressures are
normally reached in modern engines ﬁtted with metal composite
steel pistons.7. Experimental set-up and test procedure
7.1. Combustion chamber
Combustion chamber used in present experimental set-up is a
stainless steel cylindrical tank having a volume of 1.5 l. A pintle type
nozzle is ﬁtted on the head of the combustion chamber. A closed
type combustion chamber is used so that the pressure inside the
chamber is as high as required in our experiment. A heating coil of
500 W capacity is ﬁtted inside the combustion chamber between
two stainless steel plates for increasing the temperature of surface
(see Fig. 3).Fig. 4. Heating element arrangements.7.2. Heating element
Heating element or coil used in present experimental set-up acts
as a heater. The heating element of 500 W is placed between two
stainless steel plates and heats the two surrounding stainless steel
plates as shown in Fig. 4. The plate as shown acts as the hot surface.
When the compressed air supplied from the compressor to the
combustion chamber strikes on the hot plates it gets heated up and
due to convection effect the ambient air acquires the temperature
shown by the temperature indicator as shown in Fig. 2. Therefore
hot surface combustion of fuel and air mixture takes place inside
the combustion chamber. The two ends of the heating coil areFig. 2. Experimeconnected to the ends of transformer which is connected to elec-
tricity supply.
7.3. Centrifugal air compressor
Air compressor (NIMPRA-DYNAMIC ESKON SERIES) is used to
supply compressed air to the combustion chamber at varying
pressures. Pressures inside the combustion chamber are controlled
by regulating the valve of pipe carrying compressed air. It is a threental set-up.
Table 3
Speciﬁcations of fuel pump.
Make Bosch
Type Single barrel
Length of stroke 8 mm
Bore 7 mm
Maximum fuel delivery/stroke 0.2 ml
Minimum fuel delivery/stroke 0.04 ml
Fig. 5. Oscilloscope display.
Fig. 6. Ignition delay variation of fuels
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sent study, pressures within 26 bar are used only.
7.4. Fuel pump
Fuel pump used in this experiment is the Bosch fuel injection
pump and its speciﬁcations are given in Table 3.
7.5. Digital storage oscilloscope
The oscilloscope used in present experimental set-up is a digital
storage two channel oscilloscope. On one channel it shows the fuel
injection process and on the other channel it shows the combustion
process. The ignition delay can easily be read on the screen of
oscilloscope by noting the difference between start of injection and
start of combustion on adjusting the time scale. Digital storage
oscilloscope is shown in Fig. 5.
8. Experimental procedure and test results
8.1. Blend preparation
First of all the commercially available pure Diesel fuel (A) having
Diesel index-60 [10] has been chosen as base line fuel. A sufﬁcient
amount of diesel was taken to obtain the ignition delay data.
The blend (B) was prepared by adding 80% coconut oil with 20%
butanol (by vol.) with the help of 100 ml measuring cylinder. It wasat injection pressure of 100 bar.
M.H. Salmani et al. / Engineering Science and Technology, an International Journal 18 (2015) 318e324322treated as the single hybrid fuel (co solvent) because these fuels are
easily miscible with each other.
8.2. Preparation of experimental condition
First of all, a sufﬁcient amount of fuel is ﬁlled in the fuel
metering system. After that fuel pump is pumped out to ensure that
there should be no air trapped in the fuel line. A ﬁlter is used to
remove the impurities from the fuel in the metering system. Now
the pressure of combustion chamber is increased and also main-
tained constant with the help of compressor and regulator at
desired ambient cylinder pressures (10-bar, 15-bar, 20-bar, and 25-
bar) to carry out the different observations.
The temperature of the hot plate inside the combustion cham-
ber is increased and also maintained constant at the desired tem-
perature (350 C, 400 C and 450 C) with the help of electrical
heating element, attached with the hot plate. When there is no
combustion inside the combustion chamber, there is no light in-
tensity detected by photo sensor so oscilloscope shows zero output.
The functioning of oscilloscope, temperature indicator, pressure
gauge, compressor, optical sensor for start of combustion and
pressure transducer for start of injection is ensured to be well.
8.3. Method of taking observations
First of all the injection pressure that is controlled by the spring
mechanism, is set to a ﬁxed value of 100 bar, 200 bar orFig. 7. Ignition delay variation of fuels300 bar (read on the injection pressure gauge) respectively for
different set of observations.
After closing all valves, the fuel (among A,B) is injected inside
combustion chamber targeting the hot plate thus a ﬂame is formed
due to combustion of fuel at high pressure and high temperature. If
there is no burning activity inside the combustion chamber the
luminosity of the ﬂamewill be zero and therefore the optical sensor
will not give any signal. The signal curve will be parallel to the
horizontal axis on the screen of the oscilloscope.
As the arrangement shown in Fig. 2, when handle of the lever is
moved in downward direction, the fuel is injected into the com-
bustion chamber at a particular injection pressure through nozzle.
The pressure transducer, ﬁtted in the fuel line, triggers signal in
channel (1) of the storage oscilloscope which indicates the start of
injection.
After the completion of ignition delay, the fuel ignites and a
characteristic yellow ﬂame is formed, which activates the optical
sensor. After the completion of ignition delay the optical sensor
connected to channel (2) of oscilloscope detects the formation of
the ﬂame, the oscilloscope display shows the corresponding event
as shown in Fig. 5.
Before each fuel injection, it was ensured that not a single
combustion product is inside the combustion chamber. For this
purposewe opened the outlet valve after combustion and sufﬁcient
fresh air is passed through the combustion chamber.
Thus we read three distinct events on the screen of oscilloscope
viz. Start of injection, completion of injection and start of ignition.at injection pressure of 200 bar.
Fig. 8. Ignition delay variation of fuels at injection pressure of 300 bar.
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ignition gives the ignition delay of the tested fuel. For each oper-
ating condition the ignition delay was measured for ﬁve times and
the average of these ﬁve recordings was taken as the ignition delay
period for that operating condition. Following graphs are plotted on
the basis of the data obtained from the above experiment.8.4. Results and discussions
Ignition delay variation of diesel fuel and micro-emulsion of
coconut oil is shown in Figs. 6e8. At lower injection pressure,
penetration of fuel spray towards hot surface plate is faster than
vaporization of fuel spray of microemulsion (B) because of its
higher viscosity [12] therefore microemulsion (B) have ignition
delay comparable to that of conventional diesel fuel. Also diesel fuel
(A) is having lower viscosity than microemulsion (B) which pro-
motes good atomization of diesel fuel (A) at lower injection pres-
sure. As the injection pressure increases the atomization and
vaporization of microemulsion (B) increases but vaporization of
diesel (A) is better than microemulsion (B) which advances the
starts of combustion of fuels therefore at higher injection pressure
diesel fuel (A) is having lower ignition delay than microemulsion
(B). Higher ambient air pressure creates early vaporization of fuels
than lower air pressure, which reduces the ignition delay as can be
seen in Figs. 6e8. Higher ambient temperature enhances the pre-
combustion reactions of the fuel hence high ambient temperaturedepicts the lower ignition delay at various ambient air pressures.
Microemulsion (B) having the fatty acid group which promotes the
early start of combustion [13], that is why plot shows that at lower
injection pressure ignition delay of microemulsion (B) attains the
value similar to pure diesel fuel (A).9. Conclusion
This research has investigated the ignition characteristics of
microemulsion of coconut oil with butanol fuel spray. The main
ﬁnding of the study can be summarized as follows.
1. At 100 bar injection pressure, microemulsion (B) attains the
value of ignition delay that is very similar to the conventional
diesel fuel (A) for the similar operating conditions; fuels have
larger tip penetration towards the hot plates which ignites it
rapidly. Tip penetration inﬂuences the combustion of fuels [11].
2. As the injection pressure increases from 100 bar to 200 bar
microemulsion (B) shows the ignition delay similar to that of
conventional diesel fuel with lower value because as the injec-
tion pressure increases the ﬁne droplets increases and it leads to
more vaporization of the both the fuel spray before striking the
hot plate. But the vaporization of microemulsion (B) is lesser
than the conventional diesel fuel (A) due to its high viscosity [11].
3. On further increase in the injection pressure from 200 bar to
300 bar the vaporization of conventional diesel fuel dominates
M.H. Salmani et al. / Engineering Science and Technology, an International Journal 18 (2015) 318e324324the vaporization of microemulsion (B) therefore it shows the
lower value of ignition delay than the microemulsion (B) at
similar operating condition.
4. It can also be concluded that for all hot surface temperatures the
ignition delay variation with ambient air pressure shows the
similar trends but as the temperature increases from 350 C to
400 C the entire curve steepens and achieve the lower values of
ignition delay because high temperature enhances the pre-
combustion reactions and decreases the chemical delays of the
fuels [8].
5. It can be observed from the graphs that high ambient air pres-
sure promotes the vaporization of the incoming fuel to the
combustion chamber. Which reduces the ignition delay period
[8]? Although a pressure of 25 bar is much less than the pre-
combustion pressure of most diesel engines but again conclu-
sively establish that combustion characteristics are same despite
lower air pressure, temperature and lower injection pressure.
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